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Abstract: The ability of elliptical polarized reflectance spectroscopy (EPRS) to detect
spectroscopic alterations in tissue mimicking phantoms and in biological tissue in situ is
demonstrated. It is shown that there is a linear relationship between light penetration depth
and ellipticity. This dependence is used to demonstrate the feasibility of a depth-resolved
spectroscopic imaging using EPRS. The advantages and drawbacks of EPRS in evaluation of
biological tissue are analyzed and discussed.
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1. Introduction

Quantitative optical spectroscopic methods have shown immense potential in noninvasively
extracting information from biological tissues [1-6]. Identifying correlations between tissue
scattering and absorption spectra and tissue anatomical structures can lead to new non-
invasive approaches for earlier detection and monitoring of various pathologies including
cancer and cardiovascular diseases. Because biological tissue anatomy often consists of
multilayer structures, alterations in tissue scattering and absorption properties are depth-
dependent. Some pathological conditions such as neoplastic changes in the epithelial tissue
and the underlying stroma are associated with concurrent changes in optical tissue properties
at different depths [7-9]. Therefore, the ability to extract these optical signatures from several
depths simultaneously is crucial from a clinical perspective. In reflectance spectroscopy,
several methods have been implemented in order to achieve depth-resolved measurements.
For example, time gating can separate photons based on their optical pathlengths, however,
this approach requires highly sophisticated and expensive equipment [10-12]. In an
alternative method, our group and others have developed a simple linear polarization gating to
isolate tissue signals originating from shallow depths in tissues from the diffuse background
of the underlying stroma using spectroscopic and imaging setups [13-21]. In polarization
gated spectroscopy and imaging, polarized photons maintain their incident polarization for a
particular number of mean free paths (MFP) depending on density of optical scatterers and
their properties such as anisotropy factor [22, 23]. In linear polarization gating, a sample is
illuminated with a linear polarized light and two components of the scattered light are
detected: the co-polarized signal with its polarizations parallel to the incident polarization (/))
and the cross-polarized signal with its polarization orthogonal to the incident light (/.). The /|
signal is comprised of singly scattered photons originating from shallow depths in tissue
along with multiply scattered photons that traveled deeper into the sample. In contrast, the /.
signal is dominated by multiply scattered photons. Subtracting the cross-linear polarized
component from the co-linear polarized signal results in a linear polarization gated signal (47
= [| - I) that consists predominantly of light scattered from shallow depths.

Therefore, linear polarization gating allows discrimination of single scattered photons
from multiply scattered photons, but the selective detection of scattered signal from specific
depths or layers within tissue remains a challenge. Recently, a number of approaches have
been proposed to address this challenge including the use of spherical lenses [24-26],
differential path length spectroscopy [27], or the use of fibers in an oblique orientation in
order to favorably collect either superficial or deep penetrating photons from predetermined
depths [28-33]. A major shortcoming of these systems is that they require multiple fibers with
different fibers collecting signals from various depths. While still fairly low cost, these
designs usually require a fine alignment of multiple fibers and other optical elements that
reduces overall robustness and reproducibility of the corresponding systems.

An ideal approach to depth-resolved reflectance spectroscopy would require signal
collection from various depths within tissue using the same optical path. Here, we explore the
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feasibility of such system that is based on the property of circular polarized light to maintain
its polarization in highly scattering media at larger depths as compared to linearly polarized
light due to the so called circular “polarization memory” effect [34, 35] Circularly polarized
light undergos small-angle, forward scattering events in diffusely scattering media with Mie
scatterers that are characterized by a predominately forward scattering phase function that
largely preserves helicity for long distances in a turbid medium [22, 34, 36]. Furthermore, it
was recently demonstrated that elliptically polarized light can be used to image scattering
phantoms and biological tissue at different depths by varying the degree of ellipticity from
linear to circular polarization [37]. In this study, we extend this concept to depth-resolved
spectroscopic measurements using varying degree of ellipticity of excitation light. We
demonstrate feasibility of acquiring depth-resolved reflectance spectra through a single
collection channel using elliptical polarized reflectance spectroscopy (EPRS) in tissue-
mimicking optical phantoms with dyes and biological absorbers. We also showed that EPRS
can be extended to a depth-resolved spectroscopic imaging.

2. Methods
2.1 Polarization gating

The depth penetration of the detected photons depends on the polarization of the incident and
backscattered light. The illumination and detection polarizations are listed in Table 1. I} and
I signify co- and cross-linear polarizations, respectively, while Iss denotes singly scattered
photons and Iy represents multiple scattered photons. Multiple scattered light contributes to
scattering signals that are detected by both the co-linear and co-elliptical detection schemes.
The contribution of the Iy to each signal can be determined from the cross-linear polarized
detection as was described in [13—15]. In linear polarization gating techniques, cross-linear
signals are subtracted from co-linear signals to yield superficial, singly scattered photons that
have maintained the incident polarization. EPRS follows this approach by subtracting cross-
linear polarization signals from co-elliptical signals to amplify detection of photons scattered
from intermediate depths. This method assumes that the amount of multiply scattered photons
is the same for the linearly and elliptically polarized light. This assumption was previously
evaluated using Monte Carlo simulations and it was determined that cross-linear polarized
light is a good approximation for multiple-scattered circular polarized illumination [36].

Table 1. Illumination and detection schemes of experimental setup

Illumination Detection Category of photons

Singly scattered & multiply scattered light

Linear Co-linear 1 ;] = I 8 inear T I Ms

Linear Cross-linear Multiply scattered 1, = Iy

Singly scattered & multiply scattered light
Elliptical Co-elliptical _
P P Ic[)—vllipriz‘al - ISS,elliptical + IMS

2.2 Experimental system

The experimental setup used is shown in Fig. 1. The EPRS system was based on an upright
Leica DM600 optical microscope equipped with a PARISS spectral imager (Lightform Inc.).
Incident light from an external halogen light source (Dolan-Jenner Industries) was coupled
into a 600 um core diameter fused silica optical fiber (NA 0.22, Fiberguide Industries),
collimated and then passed through a linear polarizer and achromatic quarter wave plate
(Thorlabs, AQWP05M-600). The polarized light was delivered at an angle of 45° relative to
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the collection arm, which was perpendicular to the sample. Backscattered photons from the
samples were collected by a 4x microscope objective with a numerical aperture of 0.14 (No.
11581049, Leica). The collected light passed through a quarter wave plate (Thorlabs,
AQWPO05M-600) and an analyzer in the collection arm before being delivered to the prism-
based PARRISS spectroscopic imaging system equipped with a planar array CCD detector
(Pixis 400, Princeton instruments).

Spectroscople

Detector
Hgﬁrmmﬁ ~=tec= Co-ulliptival detevtion

Unpolurkeed light

e of
Linear palaﬁm@

Lincarly polnrlmd , Lincarly polarized
4 wave plu 4W wave plate

Elliptically pul.lrl

l Hiptically polarizd
.|

| Sample

Fig. 1. Experimental setup of elliptical polarized reflectance spectroscopy system. Angle of
incidence of the illumination was 45° relative to the sample surface. The rotation angles of the
linear polarizers and quarter-wave plates are indicated by o and B, respectively.

Depending on the relative rotation angle between the linear polarizer and quarter wave
plate, illumination polarization was tuned to desired polarization states. When axis of the
polarizer and quarter wave plate were aligned (a = = 0°), linear polarization was obtained.
An elliptical polarization was obtained when the fast axis of the quarter wave plate was
oriented at angle O relative to the axis of the linear polarizer; circular polarization

corresponded to 0 = 45°. To obtain co-linear and co-elliptical polarization, the angle between
the secondary quarter wave plate and analyzer was adjusted so that the detection polarization
was matched to that of the illumination light. Cross-polarized light was acquired when the
angle 0 of the analyzer was 90° relative to the quarter wave plate fast axis.

2.3 Scattering phantoms

Scattering phantoms were prepared using silicone, specifically polydimethylsiloxane (PDMS)
(P-4, Eager Plastics), as its long shelf life and solid, yet flexible, composition makes it
appealing as a base material. Also, the refractive index of PDMS is 1.43 that closely
approximates tissue. Scattering was introduced using aluminum oxide (Al,03, n = 1.77 [38])
particles (Al-600, Atlantic Equipment Engineers) because they have an anisotropy coefficient
(g) similar of biological tissue as discussed below [39, 40]. Morever, the size distributions of
the Al,O; particles were confirmed to be in the Mie scattering regime. The size distributions
of the Al,O; particles were analyzed using dynamic light scattering (DelsaNano, Beckman
Coulter). Using these size distribution (1.04 = 0.818 pm) in a modified version of Christian
Maetzler’s free source Mie code [41], based on the appendix in Bohren and Huffman [42], the
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anisotropy coefficient of the Al,O; particles was determined to be 0.89, 0.88, and 0.87 for 500
nm, 600 nm, and 700 nm, respectively. The Mie algorithm was revised such that the volume
fractions according to the size distribution of the particles were accounted for in the
calculation of optical scattering [43]. The concentration of Al,O; required to simulate the
desired reduced scattering coefficient was confirmed with Scott Prahl’s widely-used Inverse
Adding-Double Technique [44]. In these studies, we made phantoms mimicking breast tissue
scattering with a reported reduced scattering coefficient of 1.3 mm™" at 600 nm [45] using a
concentration of 6.5 mg/mL Al,O; in PDMS. The reduced scattering coefficient for this
concentration of Al,O; in PDMS changes from 1.4 mm™" at 500 nm to 1.2 mm™" at 700 nm.
These changes in the scattering coefficient were considered negligible in our data analyses.

2.3.1 Single-layer model to examine depth penetration

To examine the depth penetration as a function of ellipticity, we adapted a method developed
by Backman et al. to study the depth penetration of linear polarization gating [14, 46]. We
varied the physical thickness of a phantom with Al,O; in PDMS simulating breast tissue
scattering. The scattering media of varying thicknesses was placed on top of a 10 mm thick
non-scattering, transparent PDMS layer to minimize contributions from refractive index
mismatch at the boundary of the scattering sample under study. Mineral oil (n = 1.47) was
deposited between the layers, and any air bubbles were removed. The dimensions of the
single-layer model along the x- and y-directions were 5 cm x 5 cm. Light scattering spectra
were measured for each thickness. Integrated reflectance intensity in the 500-750 nm region
was plotted as a function of thickness of the scattering phantoms to quantify the penetration
depth of EPRS.

2.3.2 Multilayer phantoms to demonstrate depth-resolved spectroscopy

To further evaluate the depth sensitivity of EPRS, we used multilayer PDMS phantoms with
embedded dyes. Dyes were incorporated into specific layers of the phantom in order to
provide spectroscopic changes that could be detected as a function of depth. Initially, green
and red food coloring (Model No. 054189 Great Value, Inc.) were used as the dyes under
study as they have distinctly different absorption spectra) (Fig. 2(a)) and are safe to handle. A
concentration of 0.123 mg/mL for the green food coloring and 0.147 mg/mL of the red food
coloring in PDMS produced a p, of 0.05 mm™" at 540 nm. The absorbance of the dye layers
was chosen to ensure sufficient perturbation of reflectance spectra for easy detection of the
dyed layers while avoiding strong signal attenuation.

The procedure to produce robust, multilayer PDMS phantoms was adapted from Ayers et
al. [47]. To ensure even distribution, 130 mg of scattering Al,O; particles were added into
1.912 g of a curing agent (P-Series curing agent, Eager Plastics), mixed with a Vortex shaker,
and then placed in an ultrasonic bath (Branson 1510R-MT) for 30 minutes. To prevent the
Al,O; particles from settling, the suspension was agitated with a Vortex shaker several times
during this period. While the Al,0; in curing agent suspension was in the ultrasonic bath, 20
mL (19.12 g by weight) of PDMS was mixed with either green (0.123 mg/mL concentration)
or red (0.147 mg/mL) food coloring dye using a pipette. Then, the PDMS with or without dye
and the Al,Os/curing agent suspension were thoroughly mixed together in a 1 to 1 volume
ratio for 15 minutes to begin the curing process. Different layers were produced in separate
disposable petri dishes and were and placed into a vacuum desiccator for 20 minutes to draw
out gasses produced during the curing process. The majority of the produced bubbles were
popped through rapid depressurization of the vacuum desiccator. Any remaining air bubbles
were manually punctured with a needle. Finally, plastic lids were placed over phantoms to
prevent accumulation of dust and were allowed to cure at room temperature for 24 hours.
Multilayer phantoms were constructed by stacking the prepared layers of PDMS with desired
optical properties. The dimensions of the multi-layer model along the x- and y-directions were
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5 ¢cm x 5 cm. Mineral oil was used as a matching fluid between each PDMS layer to avoid
refractive index mismatches.

2.3.3 Vascular phantom

Heparinized whole bovine blood was used to demonstrate the ability of EPRS to observe
depth-resolved spectroscopic changes associated with endogenous biological absorbers. To
this end, a scattering PDMS phantom with a 500 pm microchannel to flow blood through was
engineered. First, a 3.5 mm thick scattering PDMS phantom was prepared in a petri dish. A
metal 500 um diameter rod was placed on top of the phantom layer. Then, a mixture of Al,O;
particles in the curing solution and PDMS mixture was poured over the rod, degassed, and
allowed to cure. The cured phantom was washed with acetone to invoke swelling and
expansion of PDMS surrounding the rod. Then, the rod was carefully removed using pliers
resulting in a phantom with a bottom 3.5 mm and a top 2 mm with a 500 pm channel between
the two layers (Fig. 7(a)). The dimensions of the vascular phantom along the x- and y-
directions were 5 cm x 5 cm. The microchannel was filled with heparinzed bovine blood
using two syringes attached to the input and output ports of the channel. The blood
absorbance spectrum is shown in Fig. 2(b). The bovine blood was frozen and thawed for use,
which accounts for the absorption peak at 630 nm associated with metmyoglobin due to
oxidation.

(a) —Red food coloring (b) ,_—‘
----- Green food coloring 1 i ?ovme bl?Od

~ 1 AT ' S

3 i <

< osr [ L > 0.8/

é 06} / . _ 3 0.67

£ / ' =

D 04 ‘ ! 1304

& \ I

= 1 =

g 02} \ £ 0.2

S \ )

=z ‘ z ‘ ‘ ‘ .

800 550 600 650 700 750 800 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Fig. 2. Normalized absorbance spectra of (a) red and green food coloring and (b) bovine blood.
2.3.4 Murine measurements

An ear of an adult male nude mouse cadaver was used to measure blood microvessels in an
animal within 10 minutes of the mouse being sacrificed. The ear was carefully flattened on a
10 mm slab of transparent PDMS and an index matching fluid (n = 1.5) was applied on the
top to reduce surface reflections. Then, EPRS measurements were carried out in different
locations on the ear. In each location the PARISS spectral imager acquired a spatially
resolved line scan. Groups of twenty neighboring pixels were averaged along the line scan for
each elipticity to produce depth-resolved EPRS spectra at each spatial location (1 pixel = 6.25
um). These data were presented as a depth-resolved two-dimensional image of blood
distribution. The relative amount of blood was estimated by subtracting the integrated
intensity of 600-640 nm spectral region from the intensity of the 530-570 nm region which
correspond to low and high hemoglobin absorbance, respectively.

2.4 Data analysis

For each sample, scattered light was measured with polarization co-linear, cross-linear, and
co-elliptical (5° to 45° at intervals of 5°) relative to the illumination light polarization.
Polarization gated spectra were obtained by subtracting the cross-linear signal from the co-
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linear and co-elliptical signals. The obtained raw spectra were normalized using a diffuse
reflectance substrate standard (SRS-99, Labsphere, Inc.) to account for the spectral responses
of the source and detector. Additionally, the signals were also normalized by the exposure
time.

To quantify absorbance in depth-dependent reflectance measurements of multilayer
phantoms, we prepared pairs of tissue phantoms with matching scattering properties and
geometries with and without embedded chromophores. Reflectance spectra of the phantoms
with dyes were subtracted from the ones with no dye. This approach allowed us to remove
scattering background and to convert absorption dips in reflectance spectra into positive peaks
for quantitative analyses of the spectra. Then, spectral regions corresponding to absorption of
chromophores were integrated and were corrected for any DC offsets by subtracting an
integrated intensity value of regions with minimum dye absorption. The integrated
wavelength regions were 610 to 650 nm and 500 to 540 nm for green and red food coloring,
respectively. The DC offset was determined in the 710 to 750 nm range. For the bovine blood,
the integrated absorbing wavelengths of interest from 500 to 625 nm were subtracted by the
integrated intensity in the 625-750 nm region. Calculating the differences in integrated
intensities of certain spectral regions allowed us to quantify spectroscopic alterations in the
multi-layer phantoms.

3. Results and discussion
3.1 Depth penetration

Penetration depth of elliptically polarized light was analyzed as a function of optical thickness
- T = (M + us)D where D is the physical thickness of the scattering phantom (Fig. 3).
Integrated intensities for all polarization gated scattering signals follow the same general trend
(Fig. 3(b)): after an initial increase with an increase in the phantom thickness they reach a
plateau. The signal saturation indicates that scattering from the deeper regions in the phantom
does not contribute to polarization gated signals as light polarization becomes randomized due
to multiple scattering events. The maximum penetration depth for each polarization can be
estimated by finding the thickness that corresponds to 90% of the signal at the plateau. Thus,
for the parallel polarization, the penetration depth is T ~3.13 that agrees well with previous
studies [17, 48]. Penetration depths increase from approximately 5.42 to 32.5 optical
thicknesses for elliptical polarizations ranging from 5° to 35°. In contrast, co-polarized signals
that are not polarization gated do not reach a plateau for the investigated thicknesses
indicating that multiple-scattered photons from deeper regions continue to contribute to the
detected scattering (Fig. 3(d)).

It is interesting to note that for each optical thickness up to approximately t~20, the
overall signal intensity decreases from linear to more elliptically polarized light (Fig. 3(c)).
This trend can be explained by the fact that light penetration increases with ellipticity.
Therefore, as light ellipticity increases more photons are forward scattered and penetrate
through scattering phantoms with thicknesses less than 7~20 into the underlying transparent
layer and, therefore, do not contribute to the detected backscattered signal. However, at the
optical thickness of ©~20, this trend is reversed for light ellipticities ranging from 30° to 45°
(circular) as photons that were travelling through phantoms with thiknesses t< 20 are
redirected towards the detector at > 20.
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Fig. 3. (a) A schematic of a PDMS phantom used to examine polarized light penetration as a
function of depth. (b) Polarization gated, Al, and (c) non-gated signals as a function of optical
thickness. The polarization gated signals were normalized by the overall maximum integrated
intensity that corresponded to the intensity of linear polarized light.

3.2 Depth-resolved spectroscopy

Next, we analyzed the ability of EPRS to detect spectroscopic alterations within a tissue-
mimicking phantom. In the first set of experiments, a scattering layer with embedded green
food coloring was located at various depths within a three-layer phantom as shown in Fig. 4.
Representative polarization gated spectra for the 1700 um top layer thickness demonstrate
spectral changes associated with changes in depth penetration of elliptically polarized light
(Fig. 4(b)). Linear polarized light does not exhibit any absorbance associated with the dye as
it only interrogates superficially into the top layer of the multilayer phantom. The absorbance
from the green food coloring layer gradually increases with an increase in light ellipticity
(Fig. 4(a)). Normalized to one elliptically polarized EPRS spectrum (30°) was compared with
the absorbance spectrum of the green dye (Fig. 2) using least-squares fitting method to
demonstrate that the observed peak in the EPRS spectrum is associated with the absorbance
peak of the green food coloring (Fig. 4(b)). The peak positions were 631 and 630 nm and the
full width at half maxima (FWHM) — 89 and 60 nm for the EPRS and solution spectra,
respectively. This comparison shows a good correlation between the two spectra with the
expected spectral broadening in the EPRS measurements due to previously described
scattering effects [2, 49]. To analyze these spectral changes for various thicknesses of the top
colorless scattering layer we plotted integrated intensities over the wavelength region
associated with the green food coloring absorbance (610-650 nm) as a function of light
ellipticity in Fig. 4(c)-4(h). These curves have two characteristic regions — a nearly flat
parallel to the x-axis line at lower ellipticities of light and a monotonically increasing region
at higher ellipticity values. The corresponding polarization gated spectra show that the low
intensity flat regions correspond to photons which do not reach the middle colored layer as
evident by the lack of the green dye absorbance in the spectra while the regions with
monotonically increasing absorbance indicate interrogation of the middle layer (see an
example in Fig. 4(b)). As the thickness of the top colorless layer increases, larger values of
light ellipticity are required to interrogate the middle layer containing the dye.

The data in Fig. 4(c)-4(h), were used to determine the penetration depth of polarized
photons as a function of their ellipticity. To this end we fitted the flat and the monotonically
increasing regions of curves in Fig. 4(b)-4(g), to two linear fits. The point of intersect of the
two linear fits was used as an estimate of the minimum light ellipticity value that is required
to start interrogating the middle colored layer for each top layer thickness. A plot of these
ellipticity values as a function of the top layer thickness — the depth to the target - shows a
linear relationship between a light ellipticity and a penetration depth (Fig. 4(i)). According to
this fit the linear relationship between optical thickness (t) and light ellipticity is described by
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y = 1.29x + 2.86 and, therefore, the predicted interrogation depth of the linear polarized light
is T = 2.86 that correlates well with the data shown in Fig. 3 where the interrogation depth for
the linearly polarized signal was determined to be t ~3. Linear relationships between probing
depth and ellipticity were also observed in imaging experiments performed by Da Silva et al.
[37] and in results obtained in single wavelength Monte Carlo simulations by Rehn et al. [23].
However, our results demonstrate that alterations in spectroscopic features can be extracted by
tuning the ellipticity in EPRS in highly scattering media.

1700 um
(a) (b) 55 M
. —0 A ——Measured
2 5 1 a |\ L ——Fit
-~ 4 10 -~ ¥ )
e 2 15 3
= 1.5 20 8
> >
£ ‘ 25| 05
g —3 3
= \l—a35 £
10 mm =05 —40 =
! — 45
B =1.3 mm™* 8‘ ) R .
00 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
— 500 um — 1000 um — 1700 um
3 34y 3
= 3pl(c) = 29(d) = 30((e)
=2 = =
g 20 g2 £ 20
= k= k=
=10 = 10 T 10
© © @
o ()] [=]
£ 9% 20 o £ % 20 o £ % 20 a0
Ellipticity (degrees) Ellipticity (degrees) Ellipticity (degrees)
— 3000 pm — 4000 pum — 4700 pym
2 20 3 3
=71 z (g < 20(h)
= Pl Pl
Z15 10 % 15
5 5 3
£10 = £10
o o 5 o
2 5 2z 25
o i o
o =) (=)
% 20 o £ % 20 - £ % 20 20
Elliptictty (degrees) Elliptictty (degrees) Ellipticity (degrees)
1) 5000
(i) . lso
4000 .
—_ 0
E 0g
= 3000 . £
0 y 30 L
g £
3 2000 20 8
=} M =
= . 2
1000] o 10°
-
% 0 40 °

10 20
Ellipticity (degrees)

Fig. 4. (a) Multilayer phantom design to evaluate depth-resolved spectroscopy by EPRS where
d is the thickness of the top layer. (b) Left: Spectra obtained from the multilayer optical
phantom with 1700 um top layer thickness. Right: comparison of the measured EPRS spectrum
with ellipticity of 30° normalized to one and the absorbance spectrum of the green dye. (c-h)
Integrated intensities over the wavelengths region associated with the green food coloring
absorption (610-650 nm) as a function of light ellipticity for optical phantoms with a top layer
thickness of 500, 1000, 1700, 3000, 4000, and 4700 um. (i) Penetration depths as a function of
light polarization; the parameters of the linear fit are y = 118.62x + 264.07 (R? = 0.9873) for
the physical thickness (um) and y = 1.29x + 2.86 for the optical thickness.

In the next set of experiments, we evaluated the ability of EPRS to distinguish multiple
regions with differing spectroscopic characteristic in a tissue-mimicking phantom. For this
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purpose, we constructed a multilayer phantom with two different dyes at different depths as
shown in Fig. 5(b). The measured EPRS spectra are presented in Fig. 5(a). Normalized to one
circularly polarized EPRS spectrum was fitted to a linear combination of absorbance spectra
of the green and the red dyes (Fig. 5(a)). The fit shows that spectral features of the EPRS
spectrum are associated with the two dyes. With a 700 pum thick top scattering layer, the
signal from the first colored layer with green food dye is monotonically increasing starting at
approximately 10° light ellipticity (Fig. 5(c)). The absorbance of the second colored layer
with embedded red food coloring dye is not observed until light ellipticity encompasses 20°
value (Fig. 5(c)). These data demonstrate that EPRS can be used to detect depth-resolved
spectroscopic changes.
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Fig. 5. (a) Left: Measured polarization gated spectra. Right: the least squares fit of the
normalized to one EPRS spectrum with ellipticity of 45° using absorbance spectra of the green
and the red dyes. (b) Multilayer phantom design with green and red food coloring dyes. (c)
integrated intensities over the wavelengths associated with green food coloring (610-650 nm)
and red food coloring (500-540 nm) absorption, respectively, as a function of light ellipticity;
note, that the absorption of the dyes are corrected by subtracting a DC offset in the 700-750 nm
region as described in the Method section.

However, we also noted that signals from the dye layers continue to increase with increase
in light ellipticity in experiments shown in Fig. 4 and Fig. 5. This observation posed a
question: why does not the absorption signal saturate after penetration depth of a polarized
light encompasses thickness of a colored layer; indeed, after this point there is no more dye to
contribute to the signal? To address this question, we examined EPRS from a 1700 um PDMS
phantom simulating breast tissue scattering with embedded green food coloring placed on top
of two different bottom layers without a dye: one with matching scattering properties and the
other one transparent (Fig. 6). EPRS measurements showed that the dye absorption signal is
approximately constant for all polarizations for the phantom with the clear bottom layer while
it is monotonically increasing with an increase in light ellipticity in the case of the scattering
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underlying medium (Fig. 6(a)-6(c)). These results indicate that the illumination light that is
backscattered from the turbid bottom layer interacts with dye molecules in the top layer as it
travels back to the surface of the phantom. The portion of this backscattered light that
preserves its original polarization state contributes to the overall polarization gated signal. As
light ellipticity increases, the polarization state is maintained at greater optical thickness and,
therefore, more polarization-maintaining photons contribute to the detected absorption signal.
This behavior points toward an inherent limitation of EPRS as a depth-resolved spectroscopic
modality for detection of various absorbing layers in a turbid media. Indeed, our data in Fig. 4
and Fig. 5 demonstrate that an onset of a spectroscopic area of interest can be detected by
EPRS in a depth-resolved manner, however, EPRS cannot accurately identify where an
absorbing region ends in a scattering media. This limitation could be compared to shadow
artifacts in optical coherence tomography wherein OCT signals beneath areas with a high
absorption are significantly decreased that limits imaging of deeper anatomical features [50].
In the case of the transparent bottom layer, the absorption signal is the same for all ellipticity
values because the optical thickness of the top layer is approximately t ~18.5 that is very
close to the point at which backscattered signal is the same for all ellipticities in our set-up as
can be seen in Fig. 3(c).
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Fig. 6. Spectra of a 1700 pm thick scattering phantom with green food coloring on top of a (a)
transparent and (b) scattering bottom layer. (c) Integrated intensities over the 610-650 nm
wavelength region as a function of light ellipticity for the spectra in (a) and (b). Schematics of
phantom designs is shown in (d).

To demonstrate the feasibility of EPRS with biological absorbers, we carried out
experiments with bovine blood in a small capillary (Fig. 7). The capillary was placed at a
depth of approximately 2 mm inside a breast tissue mimicking phantom as shown in Fig. 7(c).
Spectroscopic features associated with blood absorption were evident in the polarization gated
spectra as shown in Fig. 7(a). Two major peaks that can be discerned in EPRS spectra at
approximately 542 and 573 nm correlate well with major peaks in the absorbance spectrum of
the bovine blood at 540 and 576 nm (Fig. 2(b)). Evidently, EPRS was able to extract
spectroscopic features associated with the biological absorber. The signal associated with
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blood absorbance was observed starting from an ellipticity of approximately 15° (Fig. 7(a_
and 7(b)). This result is in a very good agreement with the depth-penetration vs. ellipticity
curve in Fig. 4 which predicts that an absorbing layer at ca. 2 mm depth is detectable by light
with ellipticities higher than ca. 15°. The signal from blood is increasing with an increase in
light ellipticity due to the scattering effect that is discussed above.
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Fig. 7. (a) Left: Polarization gated spectra. Right: comparison of the measured EPRS spectrum
with ellipticity of 45° normalized to one and the absorbance spectrum of the bovine blood; the
least squares method was used to fit the bovine blood spectrum to the EPRS spectrum . (c)
integrated intensities of the spectra in (b) over wavelengths 500 to 625 nm subtracted by the
background at 625-750 nm. (c) Schematic of a tissue scattering phantom with a blood filled
microchannel.

Next, we evaluated the ability of EPRS to discern spectroscopic areas of interest in
biological tissue in situ by collecting spectra from microvessels in an ear of a nude mouse (/eft
Fig. 8(a)). There are two clearly visible blood microvessels in a region of interest shown in
the unpolarized microscope image (right Fig. 8(a)). As expected, polarization gated images
show a decrease in surface reflections as the interrogation depth increases with light ellipticity
(Fig. 8(b)). The apparent decrease in intensity as ellipticity increases from linear to circular
polarization is likely due to the thin thickness of the mouse ear. As multiple scattered photons
propagate deeper into tissue, they traveled through the ear into the underlying transparent
PDMS layer and thus do not contribute to the overall detected signal. This trend is especially
evident for the perpendicular image wherein multiple scattered photons comprise the cross-
linear image. The blood vessels can be clearly seen in all polarization gated images that
indicates their superficial localization. EPRS spectra were collected along the imaging line
depicted in Fig. 8(a). Five key areas for depth-resolved spectral analyses were selected and
were labeled: Vessel I and Vessel 2 — two areas with ca. 125 pm microvessels, and Top,
Middle, and Bottom — the areas without any clearly visible blood vessels, although, the Middle
region has a very small ca. 56 um vessel (Fig. 8(a)). Relatively strong dips at 560 nm
associated with deoxyhemoglobin absorbance are clearly seen at all light elipticity values for
the EPRS measurements of Vessel I and Vessel 2 regions (Fig. 8(c)). In contrast, Top and
Bottom spectra did not produce prominent dips at 560 nm associated with deoxyhemoglobin
absorbance while there is some absorbance from deoxyhemoglobin at low elipticity values in
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the Middle region. To determine how blood absorbance measurements with EPRS depend on
light ellipticity, we carried out a simple analysis where integrated intensity differences of the
polarization gated EPRS spectra - 600 nm — 640 nm background signal minus 530 nm — 570
nm blood absorbing region - were plotted as a function of light ellipticity (Fig. 8(d)). As
expected, the Top and the Botfom areas are characterized by the integrated intensity difference
that is close to zero while the signal intensity for Vessels I and 2 regions are relatively large
due to the high hemoglobin absorbance. The integrated intensity differences for the Middle
region with the smaller microvessel fell between the areas with and without microvessels. The
signal from the blood vessels decreases with an increase in ellipticity values that can be
attributed to a signal attenuation as well as to an overall decrease in the amount of
backscattered elliptically polarized photons which propagate through the thin mouse ear.
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Fig. 8. (a) Left: an image of a nude mouse cadaver with the ear spread on PDMS. Right: Image
of a mouse ear with red lines outlining the area that was analyzed by EPRS. (b) Images
acquired using perpendicular polarization (left) and co-polarized polarization gated images
(right). (c) Polarization gated EPRS spectra of the five areas shown in (a). (d) Integrated
intensity differences (600-640 nm background region subtracted by 530-570 nm blood
absorbance region) of the spectra shown in (c). Scale bars are 250 um.
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Finally, we demonstrated the feasibility of EPRS as a depth-resolved spectroscopic
imaging modality (Fig. 9). To this end, the contrast associated with blood absorbance in EPRS
spectra was plotted as a two-dimensional image along the imaging line shown in red in Fig.
8(a). Position of each pixel in the pseudo-colored image in Fig. 9 is defined by the spatial x-
coordinate along the imaging slit (20 adjacent imaging pixels were integrated to obtain one
pixel in the spectroscopic image in order to improve signal-to-noise ratio) of the hyperspectral
PARISS system and by 5° increments of light ellipticity in the z-direction. The light ellipicity
was also converted to optical thickness using the linear relationship shown in Fig. 4(i). The
image contrast in each pixel was determined by the integrated intensity differences (600 — 640
nm background signal subtracted by the 530 — 570 nm blood absorbance region) of the
corresponding EPRS spectra. For example, values for pixels with z-coordinate of 10°
ellipticity that corresponds approximately to the optical depth of t~15 were calculated using
EPRS spectra obtained with co-elliptical light at 10 degrees. Together these data generate a
two-dimensional depth-resolved pseudo-colored image of blood absorbance. It is important to
note that the superficially located blood vessels in this image create “shadows” due to the
tissue scattering effect that was described above (see data in Fig. 6).

Fig. 9. Two dimensional depth-resolved pseudo-colored EPRS image of blood absorbance in a
mouse ear. The image contrast is determined by the integrated intensity differences (600 — 640
nm background signal subtracted by the 530 — 570 nm blood absorbance region). The depth is

derived from the fit in Fig. 4. Each spectroscopic pixel in x-coordinate of the image
corresponds to 20 integrated imaging pixels alone the imaging line of the hyperspectral
PARISS system.

4. Conclusion

Here, we report analyses of depth-resolved spectroscopy in a turbid media using elliptically
polarized light. Experiments were conducted on tissue mimicking phantoms with embedded
absorbers to allow quantitative evaluation of the proposed approach. EPRS was able to detect
different spectroscopic signatures in multi-layer scattering tissue phantoms and in biological
tissue in situ. It was demonstrated that there is a linear relationship between light penetration
depth and ellipticity. The derived relationship between optical depth and ellipticity can be
used to probe target depths in future experiments for samples with known optical properties.
We showed that this property can be used in development of novel depth-resolved
spectroscopic imaging approaches in biological tissue. Potential implementations can evolve
using a line imaging as demonstrated in this study or can be based on a single scanning
imaging optical fiber previously reported in [51, 52].
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